The effect of pH and temperature on the thermodynamics of selenium sorption on alumina and montmorillonite was investigated. The equilibrium constants were obtained from batch experiments carried out at 25 and 40°C, under acidic and near to neutral conditions. Microcalorimetry was used to measure directly the enthalpy change upon sorption. These data were analysed by taking into account the different reactions that occur during the sorption process (the acid-base equilibria in the bulk solution on the one hand and the complexation equilibria between surface sites of the solid and solution species on the other hand). This was done using a simple surface model which assumes that the thermodynamic properties of the aluminol surface sites of both alumina and montmorillonite are identical. Two of the considered reactions were found to predominate, one under acidic conditions and one at near neutral pH. The microcalorimetric data allowed to check that the temperature effect on selenium sorption on alumina and montmorillonite can be correctly predicted simply using the above assumption concerning the sorption sites and by applying van't Hoff relation both to the homogeneous and heterogeneous reactions.
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PUBLIC INTEREST STATEMENT
Selenium is an essential micronutrient for humans and animals but it can be highly toxic depending on its chemical form (oxidation state) and concentration. It naturally occurs at low level but anthropogenic activities such as mining and combustion of fossil fuels can highly increase its concentration in the different compartments of the environment (soil, water and air). The chemical forms which are water-soluble can also bind, more or less strongly, to the organic matter, metal oxides and clay minerals present in the soils. Aquatic organisms and plants can bioaccumulate the soluble and mobile forms of selenium and thus contaminate the food web. The partitioning of selenium between mineral surfaces and water depends largely on the physicochemical conditions. The present study aims at acquiring the thermodynamic data necessary to understand how this partitioning is modified when the temperature increases and the acidity of the medium changes.
Introduction
Selenium, a sulphur analogue, is a natural trace element found in bedrock, or introduced into the environment by anthropogenic activities such as mining and combustion of fossil fuels (Wen & Carignan, 2007) . It is an essential micronutrient at low concentrations but it can cause adverse effects if its consumption is not moderate (Tinggi, 2003) . Selenium toxicity depends on its speciation and on its dose (Ma et al., 2012) . The speciation strongly depends on the redox and pH of the environment (de Llano, Bidoglio, Avogadro, Gibson, & Rivas Romero, 1996; Kumar & Riyazuddin, 2011; Ryu, Gao, & Tanji, 2011; Séby, Potin Gautier, Lespés, & Astruc, 1997; Torres et al., 2011) . Selenium can be found in four oxidation states: selenide (Se (Bingham, Connelly, Cassingham, & Hyatt, 2010) . Selenite and selenate are water-soluble but can also bind, more or less strongly, to the organic matter, metal oxides and clay minerals present in the soils. The selenite form was found to be more toxic and more mobile than the selenate form (Fujimoto, Morinaga, Abe, Kitamura, & Sakuma, 2009; Johnston, 1987; Morlon et al., 2005) . The partition of selenium between mineral surfaces and water is an important question since aquatic organisms and plants can bioaccumulate the soluble and mobile forms. This partitioning largely depends on the physicochemical conditions of the environment.
Adsorption experiments are generally conducted in order to evaluate the partition of ions between mineral surfaces and water, under various physicochemical conditions such as pH, ionic strength, initial concentration of ions, etc. The experimental adsorption data are commonly described according to the surface complexation model (SCM) (Cornelis et al., 2008; Goldberg, Lesch, & Suarez, 2007; Jordan, Marmier, Lomenech, Giffaut, & Ehrhardt, 2009 ). This approach (general composite) implies that generic surface sites (strong sites and/or weak sites) and surface species are used. The surface properties (surface sites concentration, acidity constants) of the generic sites are obtained from numerical fit of potentiometric titrations carried out on the adsorbent phase (clay, iron oxyhydroxides), and the surface species are deduced from surface spectroscopy and/or from adsorption data experimentally obtained on the adsorbent phase (Davis, Meece, Kohler, & Curtis, 2004; Um, Serne, Brown, & Rod, 2008) . The major disadvantage of this procedure is that no independent verification of the surface characteristics is possible since surface properties and thermodynamic constants are correlated to each other and are adsorbent dependent. Another approach (component additivity) of the SCM consists in the description of the complex surface as the sum of individual single oxides (Alessi & Fein, 2009; ). This surface description presents the advantage that acid-base properties and adsorption constants can be independently deduced from experiments carried out on each single oxide. Even if this approach is a simplified consideration of a complex surface because it does not account for the crystallography of the complex solid itself, it allows the use of common thermodynamic data related to single oxides, and the adjustment procedure of the calculations can be largely reduced (Landry, Koretsky, Lund, Schaller, & Das, 2009 ).
Irrespectively of the modelling assumptions, until now, most of the studies concerning ion adsorption on mineral surfaces were investigated at ambient temperature, and the proposed thermodynamic data concerning surface sites and surface species (pK a and adsorption pK) were valid only at 25°C. To propose reliable models able to model experimental data in a large temperature range, it is of great importance to measure thermodynamic data such as enthalpies of protonation-deprotonation and enthalpies of adsorption.
In the present work, adsorption of SeO 2− 3 was investigated at 25 and 40°C on alumina and montmorillonite. Selenium was chosen because (i) of its high affinity for the alumina surface, and (ii) of selective adsorption of selenium on the aluminol sites of the montmorillonite. Enthalpy of protonation-deprotonation and enthalpy of Se(IV) adsorption were microcalorimetrically determined at 25°C for the two systems: alumina-selenium and montmorillonite-selenium. Adsorption experiments of Se(IV) were then investigated on alumina and montmorillonite, at 25 and 40°C.
The van't Hoff equation was used to determine the aqueous and surface constants (K) at 40°C from the measured enthalpies.
Finally, the component additivity of the SCM was used in order to predict adsorption of Se(IV) on alumina-selenium and montmorillonite-selenium systems without adjustment of the thermodynamic constant determined elsewhere. The thermodynamic data were determined following the experiments carried out on the alumina single oxide and, as regards the components additivity approach, mass action law (MAL) data were extended to montmorillonite without any adjustment.
Materials and methods

Reagents
A synthetic γ 90 alumina (Merck, aluminium oxide standardized 90) and a purified and sodic MX-80 montmorillonite (Wyoming), designed as MNa throughout this paper, were used in the present study. The characteristics and properties of both solids (Morel, Marmier, Hurel, & Morel-Desrosiers, 2006 are given in Table 1 . ) solutions were used to adjust the pH value of each alumina and montmorillonite suspensions.
Batch experiments
The sorption of Se(IV) on alumina and montmorillonite was studied as a function of pH, under atmospheric conditions, at 25 and 40°C. The experiments were performed in 50-mL batch vessels placed in an incubator equipped with an elliptic shaker (CERTOMAT IS B. Braun Biotech International), in order to keep constant the temperature during the experiments, and also a constant agitation. In order to work with the same Se/aluminol sites ratio for both alumina and montmorillonite surfaces, the Se(IV) initial concentration was 2.5 × 10 −3 mol L −1 and the solid-to-liquid ratio was 4 g L −1 for the experiments on alumina, and the Se(IV) initial concentration was 2.5 × 10 −4 mol L −1 and the solid-to-liquid ratio was 40 g L −1 for the experiments on montmorillonite. The pH of each suspension was adjusted between 2 and 10 by adding microvolumes of HNO 3 or NaOH solutions. Seven days of shaking (4,000 rpm) at constant temperature were necessary to get an equilibrated system. The pH of each suspension was then measured with a pH-meter (WTW pH 340) equipped with a combined pH electrode, previously calibrated at the temperature of each experiment following the procedure described previously (Morel et al., 2006; Morel, Marmier, Hurel, & Morel-Desrosiers, 2009 ). Then, the liquid and the solid phases were separated in a thermostatic centrifuge (SIGMA 3-30K) and aliquots were filtered through a 0.45-μm porosity membrane (minisart RC-25 Sartorius). The filtrated solutions were then acidified to pH 2 with concentrated HNO 3 (65%), before analysis of selenium by ICP-AES (Perkin-Elmer Optima 7300DV) using external calibration.
Microcalorimetric titrations
Our purpose was to measure directly the enthalpy change associated with the sorption of SeO 2− 3 on the aluminol edge sites of MNa on the one hand, and on the aluminol sites of γ-Al 2 O 3 on the other hand. In order to do so, we have titrated both suspensions under similar conditions, and in particular at identical aluminol sites concentrations.
The heats have been measured at 25°C with a twin thermopile heat-conduction isothermal TAM 2277 microcalorimeter (Thermometric -TA Instruments) following the titration technique previously described (Morel et al., 2006 (Morel et al., , 2009 (Morel et al., , 2012 . The microcalorimetric titration has been carried out as follows: 3 mL of the suspension has been put in a 4-mL stainless steel ampoule and the equilibrated system has been titrated by 20 successive injections of 10 μL of the SeO 2− 3 aqueous solution. The injections have been made using a precision Lund pump (Thermometric -TA Instruments) equipped with a 250-μL Hamilton syringe fitted with a gold cannula.
We know that the sorption of the selenite ions on the aluminol sites occurs in acidic medium. Different titration conditions have been examined in order to choose the one that is the most adapted to our purpose and to the constraints of the experimental device. The aluminol sites density being equal to 3.75 × 10 −6 mol g −1 for MNa (Hurel et al., 2002) and to 3.85 × 10 −4 mol g −1 for γ-Al 2 O 3 (Marmier, Dumonceau, Chupeau, & Fromage, 1994) in order to study the effect of the aluminol sites concentration. No particular problem has been encountered due to the relatively high mass concentration. As in our previous works (Morel et al., 2006 (Morel et al., , 2009 (Morel et al., , 2012 , the suspensions have been prepared in 0.100 mol L −1 NaNO 3 aqueous solution, stirred for 5-6 days, and the aliquots have been taken under stirring conditions. The selenite species being negatively charged, the cation exchange sites of MNa are not involved in the titration process. Upon both titrations, the pH of the suspension varies from 8.4 to 3.8, which enables the observation of the sorption of selenium in an appropriate way, as will be shown below through the speciation curves.
Modelling
The SCM used here assumes that a finite number of reactive sites are present on the solid surface (S) of alumina and montmorillonite. These aluminol sites (SOH), which are assumed to be present on both alumina and montmorillonite surfaces, are involved in protonation-deprotonation reactions, and may fix • for the acid-base selenite reactions in aqueous solution (Séby, Potin-Gautier, Giffaut, Borge, & Donard, 2001 ):
• for the acid-base surface reactions (Morel et al., 2012 ):
• for the surface complexation reactions, we considered the formation of selenite outer-sphere complex at the surface of alumina as suggested by (Peak, 2006) :
The equilibrium constants used for the calculations are given in Table 2 .
It should be noted that we have used the same K values for the sorption of selenium on the aluminol sites of both solids (Morel et al., 2012) . In the present case, the electrostatic term is modelled using the diffuse layer model (DLM) (Lyklema, de Keizer, Bijsterbosch, Fleer, & Cohen Stuart, 1995) . The FITEQL 4.0 calculation code (Herbelin & Westall, 1999) has been used to fit the experimental results of the batch experiments. Figures 1 and 2 show the variation upon titration of the equilibrium concentrations of the species present in the solution and on the solid surface of montmorillonite and alumina, respectively. Apart for Na , whose concentration goes through a small maximum before tending to zero while the concentration of the protonated form SSeO 3 H increases regularly. So until pH 5 (that is, before the 10th injection), several species do coexist in the system and it is impossible to extract from the measured total heat the part due to the sorption of selenium. From the 10th injection, that is in acidic medium (pH decreases from 5 to 3.8), the situation is much simpler: in the solution, whereas the concentration of SeO 2− 3 is equal to zero, the protonated form HSeO − 3 continues to increase and the diprotonated form H 2 SeO 3 does appear but its concentration increases very slowly; on the solid, the SOH sites are no more present and the SOH + 2 sites decrease slowly, while the SeO 2− 3 ions of the solution now do sorb only as SSeO 3 H. So, in this pH range, only three simultaneous reactions need to be taken into account: reactions (1) and (2) for the first and second protonation of SeO 2− 3 in the solution, and reaction (6) for the sorption of SeO 2− 3 on the solid surface. This will allow us to extract ΔH 6 from the total heat measured during the second half of the titration. 
Results and discussion
Speciation curves
Enthalpies of sorption
Protonation of SeO 2− 3 in solution
The calculations that will be carried out below in order to get the enthalpy of sorption do require the knowledge of the enthalpies of reactions (1) and (2). Τhe enthalpies of formation of the species involved in these two reactions being known (Shock, Sassani, Willis, & Sverjensky, 1997) , ΔH 1 and ΔH 2 can The power-time curve shown in Figure 3 evidences the exothermic enthalpy of first protonation (ΔH 1 < 0) and the endothermic enthalpy of second protonation (ΔH 2 > 0). By treating the microcalorimetric data with the DIGITAM 4.1 minimization software (Thermometric -TA Instruments), we obtain the enthalpies of first and second protonation with a satisfactory precision (ΔH 1 = −5.0 ± 0.2 kJ mol −1 and ΔH 2 = 6.2 ± 0.5 kJ mol −1
). These values are in good agreement with those calculated (−5.4 and 7.1 kJ mol −1 ) from Shock's standard state data (Shock et al., 1997) . Figure 4 shows the power-time curve obtained upon addition of SeO 2− 3 on MNa; a similar curve (not shown) was obtained upon addition on Al 2 O 3 , except that the peaks were smaller. In both cases, the heat effect is exothermic, small and almost constant upon each addition. As explained in Section 3.1, the enthalpy of sorption can only be extracted from the acidic range of the titration, that is between the 10th and 20th injections: by treating the microcalorimetric data with the DIGITAM 4.1 software, we can get the total heat corresponding to the summation of the integrals of the 10 last peaks of the power-time curve. Here are the average values obtained from several independent measurements: Q(MNa) = 15 mJ and Q(Al 2 O 3 ) = 7 mJ. In both cases, the enthalpy change (ΔH = −Q) corresponds to the process described by reaction (6) and the simultaneously occurring reactions (1) and (2). It can be expressed as a function of the extent of these reactions as follows where Δn is the change of the number of moles of the considered species. The Δn values are calculated from the concentrations used to get the speciation curves (Figures 1 and 2) between the 10th and the 20th injections. The enthalpies of first and second protonation of SeO 2− 3 in aqueous solution being known, it is then possible to extract ΔH 6 from Equation 7, both for alumina and montmorillonite.
Formation of SSeO 3 H on alumina and montmorillonite
Let us now try to estimate the uncertainty to which these results are subject. To do so, we start by assuming that the concentrations of the different species, which were determined on the basis of the model chosen to describe the chemical equilibria, are exact. Next, we assume that the enthalpy for the sorption of SeO 2− 3 on the solid surface, that is ΔH 6 , does not vary while the occupancy rate of the surface sites changes from 0.02 to 0.2 for the montmorillonite and from 0.06 to 0.7 for the alumina. As regards the microcalorimetric data, it must be underlined that, in Equation 7, the term corresponding to the first protonation of SeO 2− 3 (exothermic) is almost 50 times larger (in absolute value) than that corresponding to the second protonation (endothermic) and is almost 100 times larger than the whole Q value itself (7) ΔH = −Q = Δn SSeO 3 H * ΔH 6 + Δn HSeO , which is consistent with the difference observed between our value and that given by Shock et al. ( as reported in Section 3.2.1), this induces an error of ± 5 kJ mol −1 on the enthalpy of sorption. Considering the errors on the Δn and Q values and the dispersal of our results, we can propose the following ΔH 6 for the montmorillonite:
With Al 2 O 3 , there is an additional problem due to the fact that the sorbed species SSeO − 3 does disappear according to the following equilibrium:
However, this transformation regresses as the titration goes on and pH decreases. Therefore, the Δn values were calculated from the speciation data for the last injections (Figure 2 : injection number varying from 15 to 20), which yielded the following ΔH 6 value for the alumina:
So, although the enthalpies of sorption of SeO 2− 3 on the solid surface of montmorillonite and alumina in acidic medium (reaction (6)) are affected by important errors, it is obvious that both values are of the same order of magnitude and clearly endothermic. . Under such conditions, the concentrations of the species at equilibrium and the sorption rates are larger than those previously surveyed. This is interesting because it allows us to check the effect of these parameters on ΔH 6 and also to scrutinize the SSeO − 3 species and to assess ΔH 5 . To simplify, we will not present here an analysis of the data as detailed as above but we will simply underline the major points observed upon two different microcalorimetric titrations of this more concentrated alumina suspension. For both titrations, the suspension was prepared, as before, in 0.100 mol L −1 NaNO 3 aqueous solution. 3 mL of this 4 g L −1 suspension was titrated by injection of a titrant prepared in the same solution and containing now 0.040 mol L −1 Na 2 SeO 3 and 0.080 mol L −1 HNO 3 .
Formation of SSeO 3 H and SSeO
The first titration was carried out by injecting 20 × 10 μL of titrant. Speciation curves analogous to those shown in Figure 2 were obtained, except for the concentration of SSeO 3 H which was higher on ΔH 6 (MNa) = 50 ± 10 kJ mol It can be noticed that the value is the same as that found when the suspension was at a concentration of 0.40 g L −1 but, because the conditions are now more favourable, the uncertainty is twice smaller.
In order to define with more precision the initial part of this titration (between the first and fourth injections), during which the pH varies from 8.5 to 6.5 and where the two sorbed species (SSeO 3 H and
SSeO
−
This yielded:
So by working on a more concentrated suspension, we have been able to confirm the enthalpy of reaction (6) but also to determine the enthalpy of reaction (5). It can be noticed that the enthalpies of sorption of the selenite ion on alumina in neutral (ΔH 5 ) and in acidic (ΔH 6 ) media are nearly the same.
Sorption curves
Experimental curves
In order to facilitate the comparison between alumina and MNa, the sorption of Se(IV) is expressed with the distribution coefficient K d given by:
Figures 5 and 6 show K d as a function of pH for alumina and MNa at 25 and 40°C, respectively. The shape of the curves corresponds to the classical behaviour of an oxoanion which is more strongly sorbed on a mineral surface at low pH. For the same ratio Se(IV) initial−concentration /number of surface sites, the sorption on alumina is stronger than on MNa, which is due to the higher electrostatic contribution caused by the alumina surface sites surrounding.
Calculated curves
The thermodynamic data from Table 2 can account for the sorption behaviour of Se(IV) on alumina and MNa at 25°C (Figure 5 ). By introducing into the van't Hoff relation the enthalpies of sorption determined by microcalorimetry and the K values measured at 25°C, it is possible to deduce the equilibrium constants for the sorption of Se at 40°C ( Table 2) .
As was done previously for europium (Morel et al., 2012) , the curve at 40°C was predicted by introducing in the FITEQL 4.0 code the surface sites density and specific area listed in Table 1 for alumina and montmorillonite and the values of K 1 , K 2 , K 3 , K 4 , K 5 and K 6 calculated at 40°C from the van't Hoff relation. The sorption curves thus obtained at 40°C are compared to the experimental sorption data in Figure 6 where they show, in particular, that they do account for the higher electrostatic contribution caused by the alumina surface sites surrounding with a good precision. It must be underlined that the sorption curves shown in these figures have been calculated without any fitted parameter 
Thermodynamic parameters for the sorption of SeO 2− 3 on aluminol sites
The surface complexation of SeO 2− 3 is represented by a combination of both reactions (5) and (6). The experimental findings have shown that reaction (5) prevails in neutral or slightly acidic medium but that the situation is reversed in more acidic medium, reaction (6) becoming more and more predominant as the pH decreases. The standard thermodynamic parameters that characterize these sorption reactions at 25°C have been deduced from the data reported in Table 2 and have been collected in Table 3 . 
